Mapping of the Retrotransposable Elements
Eukaryotic genomes contain a substantial amount of repetitive DNA, which includes the transposable elements (TEs) [Charlesworth et al., 1994] . TEs are divided into 2 classes: the transposons, which move as DNA molecules to other genome sites, and the retrotransposons, which move through an intermediate RNA that is reversely transcribed [Charlesworth et al., 1994] . Due to their mobile capacity, TEs may generate structural alterations in the insertion sites, which could lead to changes in chromosome structure or gene expression [Capy et al., 1998 ].
TEs can be visualized in chromosomes through fluorescent in situ hybridization (FISH) because of their repetitive nature [Oliveira et al., 1999] . The retrotransposable elements Rex1 and Rex3 were mapped in several fish species [review in Ferreira et al., 2011b] . However, due to the extensive diversity of fishes, there is still a considerable lack of information about the distribution pattern of these elements, especially considering their potential role in (1) the dispersion of other repetitive elements [Mandrioli and Manicardi, 2001; Cioffi et al., 2009; Nakajima et al., 2012; Pansonato-Alves et al., 2013] , (2) the evolution of sex chromosomes [Charlesworth et al., 2005; Fraser and Heitman, 2005] , and (3) the occurrence of chromosomal rearrangements [Gray, 2000; Casals et al., 2003 ].
Fishes of the genus Eigenmannia are widely distributed in South and Central America and are currently represented by 8 nominal species. However, a great number of species belonging to this genus has already been reported but not yet taxonomically described. The formerly described species probably constitute groups of cryptic species [Albert, 2001; Moysés et al., 2010] . Cytogenetic data available on Eigenmannia show a high karyotypic diversity with variations in the diploid number from 28 to 38 chromosomes, with several morphologically differentiated sex chromosome systems [Almeida-Toledo et al., 1985 , 1996 Almeida-Toledo and Foresti, 2001 ].
As indicated above, TEs might be responsible for a large fraction of the karyotypic variations [Kidwell, 2005] . Also, the physical mapping of TEs in fish chromosomes can provide significant information regarding their organization and evolutionary dynamics. In the present study, we report on the constitution and distribution of the retrotransposable elements Rex1 and Rex3 in the chromosomes of 6 Eigenmannia cytotypes.
Materials and Methods

Samples
Six Eigenmannia cytotypes were analyzed ( Eigenmannia sp., Eigenmannia sp. 1, Eigenmannia sp. 2, E. cf. trilineata , and 2 karyomorphs of E. virescens ). Samples were obtained in the Grande, Tietê, Paranapanema and Amazon river basins, as described in Sene et al. [2014] . The sample collections were conducted in accordance with the Brazilian environmental protection legislation (Collection Permission MMA/IBAMA/SISBIO, number 3245). The procedures for collection, maintenance and analysis of fish samples were performed in concordance with the international protocols on animal experimentation followed by the Universidade Estadual Paulista. The analyzed samples were fixed in 10% formaldehyde, preserved in 70% ethanol, identified, and deposited in the collection of the Laboratório de Biologia e Genética de Peixes, UNESP, Botucatu, São Paulo, Brazil, under the identification numbers LBP 12303-12308.
TE Isolation and Sequencing
Genomic DNA of each cytotype was obtained from liver or muscle samples preserved in ethanol using the Wizard Genomic DNA Purification Kit (Promega) according to the manufacturer's instructions. Partial sequences of the retrotransposable elements were amplified by PCR with the primers for Rex1 : RTX1-F1 (5 ′ -TTCTCCAGTGGCCTTCAACACC-3 ′ ), RTX1-R1 (5 ′ -TTCCTT-AAAAAATAGAGTCTGCTC-3 ′ ), and Rex3 : RTX3-F1 (5 ′ -TAC-GGAGAAAACCCATTTCG-3 ′ ) and RTX3-R1 (5 ′ -AAAGTTCC-TCGGTGGCAGG-3 ′ ) [Volff et al., 1999 [Volff et al., , 2000 . The PCRs were run using 8.9 μl of Mili-Q water, 1.25 μl of Taq polymerase enzyme buffer (10×), 0.5 μl of MgCl 2 (25 m M ), 0.25 μl of dNTP (2 m M each), 0.25 μl of each primer (10 m M ), 0.1 μl of Taq polymerase (5 U/μl), and 1 μl of genomic DNA (100 ng/μl), for a total reaction volume of 12.5 μl. The PCR program involved the following steps: an initial denaturation at 95 ° C for 5 min followed by 35 cycles at 95 ° C for 45 s, 57 ° C for 45 s and 72 ° C for 5 min. PCR products were checked on a 1% agarose gel. PCR fragments were purified using exonuclease and alkaline phosphatase enzymes (ExoSAP) and sequenced with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) in an automatic sequencer ABI 3130 Genetic Analyzer PRIS (Applied Biosystems).
Chromosome Preparations and FISH Experiments
Mitotic chromosomes were obtained applying the protocol of Foresti et al. [1981] and subjected to FISH according to Pinkel et al. [1986] . C-banding was performed following the protocol of Sumner [1972] . Additionally, the chromosomes were stained with DAPI, which can identify the AT-rich chromosome segments. In Eigenmannia, most heterochromatic bands are DAPI positive [Silva et al., 2009] .
The probes used for FISH were labeled by PCR. The parameters used for labeling were: 18.2 μl of water Mili-Q, 2.5 μl of Taq polymerase enzyme buffer (10×), 1 μl of MgCl 2 (25 m M ), 0.5 μl of dNTP (2 m M each), 0.5 μl of digoxigenin-11-dUTP (2 m M ), 0.5 μl of each primer (10 m M ), 0.3 μl of Taq polymerase (5 U/μl), and 1 μl of genomic DNA (100 ng/μl). The PCRs were performed with a final volume of 25 μl. The PCR program comprised the following steps: an initial denaturation at 95 ° C for 5 min followed by 35 cycles at 95 ° C for 40 s, 55 ° C for 40 s and 72 ° C for 5 min. PCR products were checked on a 1% agarose gel.
Results
All PCR experiments for the isolation of the elements Rex1 and Rex3 were successful, and the sequences obtained showed good similarity with the Rex1 and Rex3 sequences deposited in GenBank ( table 1 ). Sequences of Rex1 ranged from 390 to 564 bp and from 81 to 91% similarity, mainly with characiforms and cichlids. Sequences of Rex3 ranged from 103 to 415 bp and 74 to 90% similarity, mainly with pufferfish, cichlids and cyprinids ( table 1 ).
FISH experiments showed that the Rex1 and Rex3 elements are organized in small clusters, including euchromatic and heterochromatic regions, in all samples analyzed ( figs. 1 , 2 ) . However, considering that we used the same experimental hybridization conditions in all essays, the Rex3 element is more abundant than Rex1 ( figs. 1 , 2 ) . In Eigenmannia sp. 2, there is a greater concentration of the elements Rex1 ( fig. 1 b) and Rex3 ( fig. 2 b) as compared to the other species analyzed. Additionally, Eigenmannia sp. 2, which has morphologically differentiated sex chromosomes with a multiple system of the type X 1 X 1 X 2 X 2 / X 1 X 2 Y, provided evidence of an accumulation of the element Rex3 in the chromosomes X 1 and X 2 ( fig. 2 b) , coincident with heterochromatin-rich centromeric regions ( fig. 3 ) . In E. virescens XY chromosomes, Rex3 is more abundant on the X chromosome and coincident with the heterochromatic regions.
Discussion
Studies involving the structure and mapping of TEs in fish genomes are still scarce considering the great diversity of fish species. Data are currently available only for 32 species, and a total of 15 elements are already mapped. The existing studies show that these elements can be organized in different ways in diverse fish species [Ferreira et al., 2011a] . In all samples of Eigenmannia analyzed here, a dispersed pattern of the elements Rex1 and Rex3 was observed. Similar data were found in 3 species of Hypoptopomatinae [Ferreira et al., 2011b] , in Erythrinus erythrinus [Cioffi et al., 2010] , in Oreochromis niloticus [Valente et al., 2011] , and in Triportheus trifurcatus [Yano et al., 2014] suggesting that this is a common pattern among fish.
The accumulation of TEs in the heterochromatin is a common characteristic in multicellular eukaryotes [Hua- Van et al., 2005] . Since the selection pressure in this region is allegedly weaker, the heterochromatin would consequently work as a shelter for the TEs [Dimitri and Junakovic, 1999; Bartolomé et al., 2002; Da Silva et al., 2002] . Sene et al. [2014] investigated the C-band pattern in Eigenmannia using the same cytotypes studied here. Their results showed that species with the lowest diploid chromosome number have less heterochromatin and, in general, the heterochromatin is basically restricted to the centromeric regions of the chromosomes. The present study revealed that Rex1 and Rex3 sequences are common in the AT-rich chromosome regions (corresponding to the C-band regions), but are also present in other chromosome regions ( figs. 1 , 2 ) .
However, in some cytotypes, as in Eigenmannia sp. 2, we found a very strong correlation between the distribution of Rex3 and C-band positive blocks ( fig. 1 b) . The association of the TEs with the heterochromatic regions in many Eigenmannia chromosomes may reinforce their importance in the organization of these regions. It may also be related to the extensive changes in chromosome number and morphology observed in the genus, as suggested by Dimitri and Junakovic [1999] and Dawe [2003] .
The importance of TEs in the evolution of sex chromosomes in eukaryote genomes has been observed in various organisms [Bachtrog, 2005; Charlesworth et al., 2005; Fraser and Heitman, 2005; Ming et al., 2007] . In Eigenmannia sp . 2, with X 1 X 1 X 2 X 2 /X 1 X 2 Y sex chromosome system, the C-band-positive blocks the X chromosomes show a visible amount of Rex3 sequences ( fig. 2 b) . The same is true for the X chromosome of E. virescens , but in this species the signal over the heterochromatin is weak ( fig. 2 e) . On the other hand, the sequences of Rex1 do not form clusters in sex chromosomes ( fig. 1 b, e) . Several studies have suggested that TEs have a prominent role in the differentiation process of sex chromosomes. For example, in O. niloticus, the accumulation of many TEs in the sex chromosome pair is possibly related to the sexual differentiation process, evidencing the association of retroelements with chromosomal rearrangements, namely chromosome fusion [Oliveira et al., 1999; Harvey et al., 2003; Valente et al., 2011] . A study of Rex3 in Chionodraco hamatus [Ozouf-Costaz et al., 2004] revealed an association of this element with a heterochromatic region located in the long arm of the Y chromosome involved in the chromosome fusion process that possibly originated it. Ozouf-Costaz et al. [2004] suggested that the accumulation mechanism of these elements possibly existed in autosomes before the occurrence of chromosomal rearrangements. Such an accumulation mechanism might potentially influence the modification processes involved in the organization of the heteromorphic sex chromosomes. The same observation may be true in Eigenmannia, but additional studies (including phylogenetic studies) should be conducted for a better understanding of their evolutionary history. Genetica 66: 85-88 (1985) . Almeida-Toledo LF, Stocker AJ, Foresti F, Toledo-Filho SA: Fluorescence in situ hybridization with rDNA probes on chromosomes of two nucleolus organizer region phenotypes of a species of Eigenmannia (Pisces, Gymnotoidei, Sternopygidae). Chromosome Res 4: 301-305 (1996) .
